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Summary
Single nucleotide polymorphisms (SNPs) are the most abundant type of molecular genetic
marker and can be used for producing high-resolution genetic maps, marker-trait association
studies and marker-assisted breeding. Large polyploid genomes such as wheat present a chal-
lenge for SNP discovery because of the potential presence of multiple homoeologs for each
gene. AutoSNPdb has been successfully applied to identify SNPs from Sanger sequence data
for several species, including barley, rice and Brassica, but the volume of data required to
accurately call SNPs in the complex genome of wheat has prevented its application to this
important crop. DNA sequencing technology has been revolutionized by the introduction of
next-generation sequencing, and it is now possible to generate several million sequence reads
in a timely and cost-effective manner. We have produced wheat transcriptome sequence data
using 454 sequencing technology and applied this for SNP discovery using a modified
autoSNPdb method, which integrates SNP and gene annotation information with a graphical
viewer. A total of 4 694 141 sequence reads from three bread wheat varieties were
assembled to identify a total of 38 928 candidate SNPs. Each SNP is within an assembly
complete with annotation, enabling the selection of polymorphism within genes of interest.
Introduction
The application of technologies that facilitate the discovery of
polymorphism in DNA sequence has altered the scope, resolution
and power of genetic studies in all organisms. Genetic diversity
analysis has had an impact on many scientific disciplines, including
evolutionary biology, medicine and crop improvement. Bread
wheat (Triticum aestivum) is a plant of great economic and social
significance and is one of the most important crops in the world,
accounting for nearly 20% of the world’s daily food consumption
by energy and representing the greatest volume of agricultural
production of a single crop internationally (FAO, 2012). Bread
wheat is an allohexaploid with a large and complex genome, esti-
mated to be 17 Gbp in size (Paux et al., 2008), and is comprised of
between 75% and 90% repetitive DNA sequences (Flavell et al.,
1977; Wanjugi et al., 2009). There are currently several projects
that aim to sequence the wheat genome (Lai et al., 2012), and sig-
nificant progress has been made in applying next-generation
sequencing to isolated wheat chromosome arms (Berkman et al.,
2011, 2012b; Hernandez et al., 2011). However, until the wheat
genome is sequenced and available, the discovery and application
of genome polymorphism for wheat crop improvement remains a
challenge.
Molecular genetic markers are based on the variation in the
genome. They can be used to assess genetic diversity within
and between related species, for the production of molecular
genetic maps, and to link genotype and phenotype (Edwards
and Batley, 2004). There are several types of sequence-based
molecular markers available. The two most common are simple
sequence repeats (SSRs), also known as microsatellites, and sin-
gle nucleotide polymorphisms (SNPs). SNPs are single-base dif-
ferences between individuals and represent the most abundant
type of sequence variation in plant genomes (Batley and
Edwards, 2007). They are direct markers, providing the exact
nature of the allelic variants, and can be classified as transitions
(A–G or C–T) or transversions (A–C, A–T, C–G or G–T). Applica-
tions of SNPs include their use for the high-resolution genetic
mapping of traits, association studies and genome-wide linkage
disequilibrium analysis (Duran et al., 2010; Jannink et al., 2010;
Mackay and Powell, 2007; Rafalski, 2002). Furthermore, SNPs
are an invaluable tool for genome mapping, generating very
high-density genetic maps and haplotypes around genes or
regions of interest (Duran et al., 2009b,d).
Modern methods apply computational algorithms for SNP
discovery from abundant DNA sequence data and present the
results within searchable databases (Batley and Edwards,
2009). The main challenge of computational SNP discovery
remains the differentiation between true biological variation
and the often more abundant errors within the sequence data.
This is particularly true for data generated from next-genera-
tion sequencing platforms that often sacrifice data quality for
abundance.
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Next-generation whole-genome resequencing has identified
large numbers of SNPs in plant genomes (Berkman et al.,
2012a; Edwards and Batley, 2010), including Arabidopsis
(Ossowski et al., 2008), rice (Deschamps et al., 2010; Subbaiyan
et al., 2012; Yamamoto et al., 2010), soybean (Deschamps
et al., 2010; Lam et al., 2010) and maize (Lai et al., 2010).
Where a suitable reference is not available, SNPs can be identi-
fied using transcriptome data or reduced representation
sequence libraries. The discovery of SNPs from next-generation
transcriptome data was pioneered in maize, where 454-based
sequencing was demonstrated as an excellent method for the
high-throughput acquisition of gene-associated SNPs (Barbazuk
et al., 2007). More recently, this approach has been applied in
hexaploid oat to identify 9448 candidate SNPs with a validation
accuracy of 54% (Oliver et al., 2011), and a combination of Illu-
mina and 454 transcriptome sequencing was used to identify
SNPs in chickpea (Azam et al., 2012; Hiremath et al., 2011).
More than 20 000 SNPs were identified within Illumina tran-
scriptome data from Brassica (Trick et al., 2009), and 454
sequencing of amplicons in polyploid sugarcane identified more
than 2000 SNPs (Bundock et al., 2009).
SNP discovery in bread wheat has been hampered by the
combination of the large size and hexaploid nature of the
wheat genome, which often confounds the differentiation of
homoeologous and intervarietal SNPs, together with relatively
low levels of polymorphism within this highly inbred crop (Bar-
ker and Edwards, 2009; Kaur et al., 2012). Genomic
approaches have been successfully applied in diploid and tetra-
ploid wheat. A combination of Roche 454 and AB SOLiD
sequencing was used to identify SNPs across the diploid Aegi-
lops tauschii genome (You et al., 2011), and a total of 2659
putatively homozygous SNPs were identified within 1206 con-
sensus sequences from four tetraploid durum wheat cultivars
following 454 sequencing of CRoPS reduced representation
libraries (Trebbi et al., 2011). Next-generation SNP discovery in
hexaploid bread wheat has been shown to be a significant chal-
lenge which is slowly being addressed. Illumina sequence data
has been applied to discover 14 000 SNPs in the wheat tran-
scriptome (Allen et al., 2011), while in a separate study, bulk
segregant analysis method was used to identify more than
4000 SNPs from Illumina RNA-Seq data with a validation rate of
56%–58% (Trick et al., 2012).
With the increasing ability to identify large numbers of SNPs
from next-generation sequence data (Imelfort et al., 2009), one
of the remaining challenges is to maintain the information
about these SNPs within an annotated database (Batley and
Edwards, 2009; Duran et al., 2009b; Lee et al., 2012). AutoSNP
software has been developed to automatically identify candi-
date SNPs and small insertions ⁄ deletions within Sanger EST
data, with associated measurements of confidence for the valid-
ity of SNP candidates (Barker et al., 2003; Batley et al., 2003).
The script uses a redundancy-based approach to distinguish
valid SNPs from erroneous sequence. AutoSNPdb was devel-
oped to combine autoSNP with sequence annotation and main-
tain the results within a web-searchable relational database
(Duran et al., 2009a). This application provides a flexible inter-
face facilitating a variety of queries to identify SNP and indel
polymorphisms related to specific genes or traits and has been
applied successfully to identify SNPs in barley, rice and Brassica
species from Sanger EST data (Duran et al., 2009a).
We have modified and applied the autoSNPdb method to
identify SNPs between Australian wheat varieties using Roche
454 transcriptome data. These include drought-tolerant
Excalibur and RAC875 and the drought-sensitive Kukri variety.
A total of 4 694 141 wheat sequence reads from the three vari-
eties were assembled to identify 38 928 candidate SNPs. Each
SNP within an assembly is annotated, enabling the selection of
polymorphisms within genes of interest or within regions syn-
tenic with the related model plant Brachypodium distachyon.
SNPs within annotated genes are maintained within a public
database at http://autosnpdb.appliedbioinformatics.com.au/.
Results and discussion
Sequence assembly
A total of 5 407 382 wheat transcriptome reads were produced
using a Roche 454 DNA sequencer. After trimming and filter-
ing, 4 694 141 reads representing the three cultivars remained:
Excalibur (1 484 565 reads); RAC875 (1 596 757 reads); and
Kukri (1 612 819 reads). The filtered reads covered
1 336 401 100 nucleotides and had an average read length of
285 bp. MIRA assembly produced a total of 202 405 contigs
and 222 298 singletons. AutoSNPdb requires a minimum redun-
dancy score of two, that is, the polymorphic base should be
represented by at least two reads from two or more varieties.
Of the assembled contigs, 113 747 (56.20%) contained four
or more sequences and could therefore be used for redun-
dancy-based SNP discovery. There was an average of 7.4
cultivar-specific reads per contig, which is substantially greater
than the 0.12 cultivar-specific reads per contig within the barley
autoSNPdb assembly (Duran et al., 2009c). This largely reflects
the smaller number of varieties sequenced in this study and
greater read depth obtained by next-generation sequencing
(three compared to 128 varieties and Sanger sequencing in the
barley study). The greater sequencing depth for wheat was
used to help differentiate between intervarietal and homoeolo-
gous SNPs between related subgenomes.
SNP discovery and abundance
A total of 38 928 candidate intervarietal SNPs were identified
within 15 032 contigs. The percentage of contigs containing
SNPs increased with increasing number of reads until around 35
reads per contig and then levelled off (Figure 1). The number of
SNPs identified per contig also levelled off for contigs contain-
ing more than 35 sequence reads (Figure 2). The majority of
contigs contained more than 35 reads, which suggests that
additional data would not substantially increase the total num-
ber of SNPs predicted.
The 38 928 SNPs were identified over a total region of
22 154 849 bp, suggesting an average SNP density of one SNP
per 569 bp. This is less than the density observed in barley (one
SNP in every 240 bp) using a similar method (Duran et al.,
2009c) and reflects the relatively few wheat varieties
sequenced, the low level of diversity in hexaploid wheat and
the high stringency of the autoSNPdb pipeline.
Validation
Fifty candidate SNPs contained within 38 contigs were investi-
gated by direct sequencing of PCR products to assess the false
discovery rate. The SNPs were chosen to have a range of redun-
dancy and cosegregation scores. Of the 50 candidate SNPs, 39
(78%) were shown to be true polymorphisms (Table 1), from
31 (81.5%) of the 38 contigs. Of these validated SNPs, 26
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(66%) were subgenome specific and 13 were coincident with
subgenomic variation between homoeologous gene copies (i.e.
detected as heterozygous in one or more varieties). Of the can-
didate SNPs that were assessed to be monomorphic, they
appeared to come from multigene families or gene homoeo-
logs, where the primers had been designed to be specific to
only one gene copy. Overall, the validated SNPs had an average
SNP redundancy score of 3.4 (range 2–7); this is higher than
the monomorphic SNPs, which had an average SNP score of
2.3 (range 2–3). This suggests that selecting SNPs with higher
SNP scores would increase the accuracy of true polymorphism
identification. You et al. (2011) utilized next-generation
sequencing for the identification of SNPs in the diploid D
genome of wheat, A. tauschii, and validated over 80% pre-
dicted SNPs as being real. In contrast, Trebbi et al. (2011) had
36% SNPs matching the expected genotypes from the SNP
discovery phase when they applied CRoPS technology for the
identification of SNPs in tetraploid durum wheat. This result is
lower than the 54% single-locus intervarietal SNPs observed in
this study and demonstrates the difficulty of accurate prediction
of intervarietal SNPs in polyploid species. The SNP validation
rate in our study is similar to that reported for SNP discovery
from 454 cDNA sequencing in hexaploid oat (Oliver et al.,
2011), in which 54% tested SNPs were validated as polymor-
phic in the parents of a mapping population, slightly less than
validated in a previous study in hexaploid wheat (67%) (Allen
et al., 2011).
Analysis of base changes
The frequency of nucleotide substitutions for the putative SNPs
is summarized in Table 2. Transitions were far more abundant
than transversions. A transition abundance bias is commonly
observed for true SNPs and reflects the high frequency of C to
T mutation following methylation (Coulondre et al., 1978). The
bias observed in wheat is greater than that observed in barley
using a similar method (Duran et al., 2009c) and may reflect a
higher level of methylation in the wheat genome. An increased
abundance of C ⁄G transversions was observed compared with
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Figure 2 Histogram presenting the mean number of SNPs for contigs representing increasing numbers of reads.
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Figure 1 Histogram showing the percentage of reads containing SNPs for contigs representing increasing numbers of reads.
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A ⁄ T, A ⁄C and G ⁄ T transversions. A similar unexpected bias was
also observed in barley (Duran et al., 2009c) and remains to be
explained.
Sequence annotation
Of the 202 405 assemblies, 74 177 (36.6%) had SwissProt
annotations, 145 504 (71.9%) had GenBank annotations and
111 714 (55.2%) showed a significant match with the Brachyp-
odium distachyon genome, and 48 303 had no annotation
(Figure 3). In total, 61 724 assemblies (30.5%) were annotated
by all methods. Sequences with no annotation may be novel
Table 1 SNP validation
Contig Forward primer Reverse Primer
SNP
position
Excalibur
alleles
Kukri
alleles
RAC875
alleles
SNP
score Result
2184 GCTCAAAGGACCTTGGTCTG TTATTGTGCAGTTCGCCATC 1229, 1232
&1235
T, A & T T, A & T G, G & G 3,2,2 FALSE
2281 CTAATCCAAGGCCGTTCAAG ACCTCGTGGTGAAGGAACTG 1986 T G G 4 Intervarietal
4628 CTCAACACTGCAGCATATCCA GCCATGAACAGACCCAAAAA 2266 A G A 5 Heterozygous
4943 CAGAAAGGGAGTCGAACAGT GTGCAAAGCTCGTTGATATG 465 T T C 2 Intervarietal
4989 ATGTGTGTGCAGGTACAAGG ATGTGTGTGCAGGTACAAGG 1846 T C C 5 Intervarietal
6456 TTATGCCAGTAGGGTTTGGT AACAGAAAGGATGGTTTGGA 855 C No reads T 2 Intervarietal
7931 GCACTCTGTTTGACTGCTTCTG CAAGGGAAACCAAGCATCAT 2837 A G G 5 Intervarietal
8145 AGCAGACAAAGCAATGTGAA CCATAGACTGTTTCATGCCA 1019, 1084 G, A T, G G,A 3,5 Intervarietal
9444 GTCCTTGGCTTGCTGGTTT CAGTTATCAGCTGCGCAAAA 314 G G C 7 Intervarietal
10770 TAGGCTTTGAGCCCATCAAT TGCCCGTTCCATGAGTTTAT 1087 G A No reads 2 Heterozygous
10153 CGACTCTCCCTCTATCTGGA ACACCTGACGGAACTTGAAT 1263 No reads A G 2 FALSE
11551 TGGCCTTCTCGGAGAGAGTA AACCGTGAAAGGGAGGAGTT 2490 C C T 5 Heterozygous
in RAC only
12063 CACAGTTTGGGTACGCAGTG GGACACGAGGAAACCTTGTC 898 &908 T, A T, A C, G 3 & 3 FALSE
12307 ATTTGGGAGAAATATGTGCG CCTTTATCAGCAAGGAGGAA 2480 T T C 2 Heterozygous
12551 CATTACCACGTCGATCAGAA TAATCCAGATTGCAACCAAA 1890 T C C 4 Intervarietal
13284 CCTTTGCGCCAAAGTATTTC ACGTTACCAAGGTCGAGAGG 611 T C No reads 2 FALSE
14357 ATCAGCAAGATCCTACAGCC GGTATCACCAAAATCCTCCA 391 A A G 4 Intervarietal
15072 GGTCTCATTTGCTGCAAGG GGCTACAGAGAGATGCAT
GTAAAA
527 T T C 3 Intervarietal
15553 TAAGTTTGATAAGGCCAGGG ATTGCAGCGTATGTACCAAA 749, 769 T, T T, T C, C 2, 2 FALSE
16531 CTCGGGGAAACCTATCCCTA TAAGCCACCCACATCTTCGT 783, 837 C, C T,T C,C 2,3 Intervarietal
17468 TCGGTTCACTGACTGAAGAA GTGCTGATAAGGTCCTTGCT 1081 C T T 3 Intervarietal
18396 ACAGAAGCTTGTCGAAATCC CACATCCATGGTGAAGAGAA 1269, 1284,
1290, 1317
G, A,
A, T
A, No
reads
A, C,
G, A
2, 2,
2, 2
Heterozygous
18835 AGATAGAAGTGGTGGTTGGC CAATGGCAGGGACATTATTT 379 C No reads T 2 Heterozygous
193961 CCGTCAGTGTCAGATTGTGG GCCAAGGAAACTGGTGATGT 318 No reads C G 2 Heterozygous
in RAC only
19691 GATCGTCAGTGTCACACCAT TTTGTGACAACGTATGGGAG 421 No reads C T 2 Heterozygous
19817 GACCAAAGGCTCTTGGAATA GTAATTTGACCTGGAGGAGC 990 No reads C T 2 Intervarietal
20034 ATGGGGGATAAAATGTGCTA AGTTGGTCTGTTGGGTCACT 737 C C G 5 Intervarietal
20795 TTTGTTCAGATGTTGTTCGG GATTGGCAACTACCAAGGAC 1013 C G G 2 Heterozygous
22002 GGCAGCTGGGTTAGTTGATT CATTCCGTTGCTCATCCTTC 699, 724 G,T No reads A,C 3,4 Intervarietal
22419 TTAAGTGGTTGGGGAGGTTA GCAATAGTTGCCTCCAGTTT 1524 C G G 5 Intervarietal
25034 GATTTCACTCGTCCTGATCC TATTCTTCCTGGATCTTCGC 1161 A C A 3 Heterozygous
31151 TAAGAGTAAACCCCTCACCG ACGCCATGGAAGTAATCTGT 1040 T C T 2 Intervarietal
33054 AGTTCCAGAAAAGGGTGGTA CTCTGCCTCAGTTCCAATCT 330 T T G 2 Intervarietal
42926 AACGTCTGTTCTGGGTGCTT TGCTGGAAGAATACCTGATCG 1197 G C G 2 Intervarietal
44073 GGGTGAGGAGGTCACTTTGA CTTCTCACCTCCGGGTTTATC 469, 472,
527
A, C, A G, T, G A, C, A 3, 3 & 3 Intervarietal
44973 TGTTCTCCGTAGGAATAGCC AGCTCCAAGTCCAGAATGTC 1369 T T C 2 FALSE
45851 AGCAGGAAGATGATACCGAG ATACCGGTCGATGAAGTGTT 545 A No reads C 2 FALSE
50002 TGCTTTAATCACATGCCTTC GATTAGCTCAGAATGCCGAT 953 C A A 2 Intervarietal
Table 2 Base changes and the number of occurrences within SNPs
in wheat autoSNPdb
Base change Type Number
A–G Transition 12323
C–T Transition 12954
A–C Transversion 3324
A–T Transversion 3345
C–G Transversion 3625
G–T Transversion 3354
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genes in wheat or may be too short for accurate annotation.
The annotations can assist the wheat research community to
search for SNPs in genes of predicted function or in a reference
genome location of interest.
Experimental procedures
Plant growth and RNA extraction
Seeds for Excalibur, RAC875 and Kukri were germinated, and
seedlings were grown for 8–10 days. In addition, florets of dif-
ferent developmental stages, ranging from premeiosis to just
prior to anthesis, were dissected from heads and snap-frozen
into liquid nitrogen prior to RNA extraction. Total RNA was iso-
lated from seedling leaves, roots and florets using TRIzol (Invi-
trogen, Carlsbad, CA) according to the manufacturer’s
instructions and further purified on RNAeasy Spin columns
(Qiagen, Venlo, the Netherlands).
Sequence data processing and assembly
Wheat 454 transcriptome data were produced using the
method of Meyer et al. (2009) and included a transcript nor-
malization step using Kamchatka crab duplex–specific nucle-
ase. Three cDNA fragment types were present in the
sequencing data: 5¢-terminal fragments, 3¢-terminal fragments
and internal fragments. The residual SMART oligosignature
linked to the cap core and Btitn suppressor tag was used to
identify 5¢-terminal fragments. Internal fragments were identi-
fied by SMART, BC signature, cap core and Btitn suppressor
tag sequences. All reads were trimmed of these sequences
prior to sequence assembly using custom Perl scripts. The
trimmed sequences with related quality information were
assembled with MIRA with the parameters ‘denovo, est, nor-
mal, 454 –GE:not=30’. The consensus assemblies and related
constituent reads were processed and parsed into a custom
MySQL database using standard autoSNPdb scripts (Duran
et al., 2009a).
SNP discovery and annotation
The autoSNPdb method (Duran et al., 2009a) was applied to
identify candidate SNPs with modifications as described below.
Indel calling within assemblies was disabled. To enrich for inter-
varietal SNPs over the more frequent homoeologous SNPs, all
bases within the same cultivar were required to be the same at
each SNP position. All of the unique singletons and consensus
assemblies were compared with GenBank (Release 182) and
SwissProt (Release 2011_02) using BLAST (Altschul et al., 1997).
Annotations with an e-value of >10)5 were parsed to the
wheat autoSNPdb database. Consensus sequences were also
compared with the Brachypodium distachyon reference genome
to identify the candidate gene orthologs.
Validation
Thirty-eight were selected randomly, for the validation of 50
SNPs. These had a range of redundancy and cosegregation
scores. Genomic DNA was isolated from the three cultivars
Excalibur, RAC875 and Kukri, according to a protocol adapted
from Fulton et al. (1995). PCR amplification of the 38 loci was
performed using primers designed to conserved sequence sur-
rounding the SNPs (Table 1) in a 20-lL reaction volume contain-
ing 1 · iTaq PCR buffer (containing 100 mM Tris–HCl and
500 mM KCl, pH 8.3) (Bio-Rad, Hercules, CA), 200 lM each
dNTP (Bio-Rad), 0.5 lM each primer, 1.5 U iTaq DNA polymer-
ase (Bio-Rad), RNase- and DNase-free water (Gibco; Life
Technologies, Carlsbad, CA) and 60 ng DNA. Thermocycling
conditions for the reaction were 94C for 2 min, followed by
35 cycles of 94C for 30 s, annealing for 1 min at 60C and
extension for 1 min at 72C. Final extension was performed at
72C for 10 min. Gel electrophoresis on a 1% (w ⁄ v) agarose
gel in 1 · TAE buffer (Sambrook and Russell, 2001) containing
ethidium bromide resolved products, which were excised and
purified using a silica method based on Boyle and Lew (1995).
The purified PCR products were Sanger-sequenced using Big-
Dye 3.1 (PerkinElmer, Waltham, MA), using forward PCR prim-
ers, and analysed using an ABI3730xl. The sequences for each
locus and line were aligned and compared using Geneious Pro
v5.4.6 (Drummond et al., 2012) with a cost matrix of 65%, a
gap open penalty of 6 and a gap extension penalty of 3, and
each of the SNPs was assessed.
Conclusions
We have modified and applied the autoSNPdb SNP discovery
and annotation pipeline to identify 38 928 candidate SNPs
between three hexaploid wheat varieties. These SNPs and anno-
tations are maintained within a customized web-searchable
database at http://autosnpdb.appliedbioinformatics.com.au/ and
provide a valuable source of annotated genetic markers in
wheat that can be applied for high-resolution genetic map
construction and trait association. Once mapped, these markers
may be used to validate and assist the assembly of the wheat
genome.
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Figure 3 Venn diagram displaying the number of reads with combina-
tions of SwissProt, GenBank and Brachypodium ortholog annotation.
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